Soft magnetic composites based on Fe powder and phenol-formaldehyde resins modified with tetraethylorthosilicate and 3-glycidoxypropyltrimethoxysilane are investigated in detail. The chemical synthesis of phenolic resin, its modification with nanometer-sized SiO 2 particles created by sol-gel method and subsequent coating, enables a preparation of insulating layer on the surface of Fe particles. Thermal degradation of native and modified resins with different amount of SiO 2 was examined in order to suggest the appropriate curing temperature and schedule. Mechanical, magnetic and electrical properties of a novel family of SMC materials were substantially improved by using silane coupling agents. The hybride insulating layer results in a defectless structure of prepared green compacts, which consequently exhibit a higher permeability and lower eddy current losses.
Introduction
The ideal insulating soft magnetic composite (SMC) is formed by ferromagnetic core, which is perfectly coated with a very thin electrically insulating layer. Soft magnetic composite (SMC) can be prepared through the standard powder metallurgy method, which is based on pressing the ferromagnetic core (e.g. Fe powder) covered by thin electro-insulating layer [1] [2] [3] [4] [5] . The advantages of SMC materials prepared in this way is that the magnetic properties and electrical resistivity are isotropic in the bulk, whereas they may be also pressed to a net shape with tight tolerances and this reduces the constraints on a design [6] [7] [8] . Apart from this fact, the low eddy current loss and total core loss at medium to high frequencies allows one to use SMC materials for a lot of electromagnetic applications [9] [10] .The preparation of microcomposite materials based on Fe powder covered by organic shell is one of the most promising approaches for a design of SMC materials [11] . The preparation of SMC materials with outstanding, electrical, magnetic and mechanical properties is a very difficult task, because the chemical modification of Fe base powder should simultaneously improve various properties such as density, dimensional and shape stability, wear and corrosion resistance, etc. In addition, the prepared SMCs should also obey demanding environmental and economical requirements. The chemical synthesis of phenol-formaldehyde resin (PFR), its modification with nanometersized SiO 2 particles created by sol-gel method and subsequent coating, enables a preparation of insulating PFR-SiO 2 (PFRT) layer on the surface of Fe particles.
The study of morphology and microstructure of SMC fracture surface has confirmed an important influence of phenol-formaldehyde resin (PFR) as the electroinsulating coatings on the overall mechanical indefectibility of the final samples. Two coatings have turned out to be very efficient: (i) PFRT denoting PFR modified with SiO 2 nanoparticles prepared in situ with the base polymer, (ii) PFRGT labeling PFR modified with SiO 2 nanoparticles chemically bonded directly to the polymer net. The design of PFRT layer with suitable content of SiO 2 has suppressed all technologically undesirable effects. In this way, SMCs without cracks in the bulk and significant foaming of resin, but with a perfect dimensional and shape stability have been prepared using PFRT and PFRGT. Moreover, mechanical hardness and flexural strength of FePFRT and FePFRGT composites was studied 2 Experimental materials and methods 2.1 Materials Iron powder (ASC100.29 Höganäs AB) with the size fraction in the range from 45 to 212 µm was used as the basic ferromagnetic material. Phenol (Ph, 99 %, Aldrich), formaldehyd (F, 37% aq., Aldrich), ammonia (NH 3 , 26% aq., Aldrich), tetraethylorthosilicate (TEOS, 99%, Merck) and 3-glycidoxypropyltrimethoxysilane (GLYMO, 98% Aldrich) were used for synthesis of PFR and hybride polymers PFRT, PFRGT. Acetone (99% Aldrich), ethylalkohol (absolute Aldrich), Tetrahydrofuran (THF, 99.9%, Aldrich), were used as a solvent for prepared resins.
Synthesis of PFR, PFRT and PFRGT
The initial molar reaction ratio of Ph/F/NH 3 for synthesis of PFR was 1/1.5/0.35/. The liquid mixture of phenol and formaldehyde was prepared. A predetermined amount of catalyst NH 3 was slowly added to the cooled mixture, it leads to the creation of white precipitate. The reaction mixture was refluxed for 45min at 85ºC. The water phase was removed under vacuum for 45min at 95ºC. The final PFR prepolymer with the honey-like viscosity was transparent and soluble in acetone. The initial molar reaction ratio Ph/F/NH 3 /TEOS for synthesis of PFRT was 1/1.5/0.35/ 0.08. A predetermined amount of TEOS was added to the binary liquid mixture of phenol and formaldehyde. The mixture was cooled in ice bath and the NH 3 was added dropwise. The synthesis follows as in the previous case. The PFRT prepolymer was not as transparent as the pure PFR due to the incorporation of nano-SiO 2 particles into the polymer matrix and it was soluble in ethylalkohol. Si content in PFRT was spectrophotometrically determined via Si-Mo-V complex as 0.59%.
The initial molar reaction ratio of Ph/F/NH 3 /GLYMO/TEOS for PFRGT synthesis was 1/1.5/0.35/0.1/0.1. The ternary liquid mixture of Ph, F and GLYMO was prepared. A predetermined amount of NH 3 was used like catalyst. The final PFRGT prepolymer with the honey-like viscosity was as transparent as the pure PFR. PFRGT prepared prepolymer was soluble only in tetrahydrofuran in contrast to native PFR. Si content in PFRGT was 0.52%. The chemical structures of each prepared polymers are illustrated bellow.
Preparation final microcomposites
The prepared PFR or modified PFRT and PFRGT resins were dissolved in appropriate solvents and the iron powder particles were added to those solutions. The suspension was mixed until the complete evaporation of solvents. The coated powder was pressed at 800 MPa and continuously cured to 200°C for two days in order to prepare the final microcomposites Fe/PFR, Fe/PFRT and Fe/PFRGT.
Methods for characterisation
The thermal degradation of pure PFR and modified polymers PFRT and PFRGT were analyzed The electrical resistivity was determined on the samples with cylindrical shape at the same dimensions by Teraohmmeter-Picoampermeter Sefelec M1501P. The magnetic measurement were performed on the toroid-shaped samples with outer diameter of 24 mm, inner diameter of 17 mm and height of 2 mm. The AC hysteresis loops were measured using MATS-2010SA and MATS-2010M AC hysteresisgraphs, respectively. All measurements were carried out at room temperature. Total losses P were calculated directly from the measured hysteresis loops.
Results and discussions 3.1 Thermal analysis Figures 2a,b
depicts TG and DSC analysis of the pure PFR and two modified polymeric samples PFRT and PFRGT including nanometer-sized SiO 2 particles. Two significant regions can be observed during the heat treatment. The first region from 150ºC to 250ºC relates to a crosslinking reaction of PFR, which is responsible for build polymeric network. The second region from 450 ºC to 700 ºC corresponds to the pyrolysis and the overall collapse of polymer structure. PFR exhibit a higher thermal stability than PFRGT only up to 175°C after which a rapid evolution of the volatile by-products occurs. Such a rapid crosslinking of polymer causes undesirable creation of cracks and foaming of resin on the sample surface [12, 13] , and hence slower and gradual release of PFRGT monomers is demanding from technological point of view. The pure PFR or modified PFRT samples are considered, both parts of thermal treatment are characteristic by similar exothermic reactions (Fig. 2b) , which could serve in evidence that SiO 2 nanoparticles are not chemically bonded in the polymeric network and form native agglomerate. On the other side, the retardation of crosslinking due to the chemical incorporation of SiO 2 to the polymer matrix can be observed from vanishing of small exo-effect on DSC curve for PFRGT polymer at 200°C (Fig.2b) . Extensive studies about thermal stabilities and heat resistance [14, 15] of hybride polymers modified by silica nanoparticles have been performed in the literature yet, but only a little attention was focused on influence of silica in the temperature region corresponding to the polycondensation reaction. This knowledge allowed us to set up the suitable curing schedule for the final microcomposite samples. Fig. 3 shows negative effect of PFR foaming on the Fe/PFR sample surface. The very precisely polymer thin layer on the Fe surface was confirmed in Fig. 4 . The rapid crosslinking of PFR caused high tension in the bulk and than creation of cracks in FePFR samples Fig. 5, 6 . It results to dimensional and shapes instability of the samples. It has been found that in the final-stage composition of Fe/PFRT samples, some microstructure defects or imperfections can be basically influenced through the amount of SiO 2 particles in the insulating coating. The surface morphology of Fe particles coated by PFRT before curing is shown in SEM images in Figs. 7, 8 . It can be clearly seen from Fig. 7 that PFRT coating has a tendency to cover the surface of Fe microparticles completely and quite uniformly. Figure 9 shows SEM micrographs from the fractured surface of FePFRT microcomposite. Although a little number of cracks were observed in this sample, the shape and dimensional stability was significantly improved in comparison with FePFR microcomposite containing the pure PFR as an insulating coating. In addition, the negative effect of resin foaming on the sample surface has been completely suppressed. The nanoscale of silica powder particles isolated from PFRT prepolymer was verified by TEM (Fig. 10) . The outcomes of our measurement indicate that each individual particle has a spherical shape, whereas they have tendency to form native SiO 2 agglomerate. Figures 11, 12 implies that chemical incorporation of SiO 2 to PFRGT polymer matrix has positive influence on the final shape and microstructure of composites after curing and also acts against surface deformation and PFR separation from the composite. The hybride polymer PFRGT forms a precise net without negligible pores and defects in the bulk. Table 1 . The measured data for mechanical hardness and flexural strength imply that the best composition from the viewpoint of mechanical stability was achieved in the sample FePFRGT. The lower thermal stability of Fe/PFR samples during crosslinking leads to a foaming of resin on the surface, presence of many cracks and voids, which subsequently lower flexural strength and mechanical hardness (Fig.13 ). In addition, it turns out that the pure as well as modified PFR coatings form an excellent insulating spacer in between the Fe microparticles, which consequently leads to an enormous increase of the specific resistivity and decrease of total core loss.
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Fig.13 Comparison of Fe/PFR and Fe/FRGT samples
Conclusions
In this work, the perspective family of SMC materials based on Fe (core) and modified resins (shell) was designed. The hybride PFRGT resin has turned out to be suitable insulating material with superior cured-film properties on Fe powder surface. The preparation of coated powder was designed so that any 3D-shaped structure could be obtained by the cost effective classical powder metallurgical processes. The results from mechanical and flexural strength tests confirmed exceptional strength and low brittleness of the prepared composites. The lower values of eddy-current and core losses can be attributed to the more uniform and homogeneous character of the insulating coating PFRGT.
